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INTRODUCTION 

Semiconductor  Device  Inspection  and  Testing 

If one  were  to  perform  an  operations  research  study  on  the 
"optimum  strategy"  for  semiconductor  device  testing,  the  conclusion 
reached  would  probably  agree  with  the  "common  sense"  one of 
testing  at  all  stages  from  design  prototype to final  system 
assembly  until  the  incremental  inspection  cost  is no longer 
balanced by the  expected  losses  associated  with  a  system  failure. 
Considering  then  the  generally  low  production  costs of semi- 
conductor  devices,  the  much  greater  costs  of  heading  and 
encapsulating,  connecting  and  interconnection  into  a  system, 
and  finally  the  somewhat  disasterous  consequences  of  device 
failure  in  modern  complex  and  unattended  systems,  inspection 
and  testing  is  best  applied  at  the  earliest  feasible  stage. 

Clearly  then  [if  the  pressures  of  the  market  place  allow  it] 
complete  testing  at  the  design  and  pre-production  prototype  stage 
is  most  beneficial  for  removal  of  failure-prone  production  or 
operating  features  of  a  design  and  thereafter,  during  the 
production  and  device  assembly  stages  a  considerable  investment 
in  quality  control  is  justified. 

This  is  of  course  hardly  news  to  the  device  supplier,  but 
as  the  art  has  developed  from  individually  processed  chips,  to 
mass  produced  wafers  to  discrete  devices,  through  integrated 
circuits,  and  now  to MSI and LSI, testing  techniques  have  had 
to change  in  the  direction of more  sophistication  and  expense  to 
keep  up  with  the  demands of greater  uniformity,  reliability  and 
longer  lifetimes  under  extreme  environmental  conditions.  Such 
testing  has  been  a  necessity  in  order  to  improve  yields  [and  thus 
lower  costs]  in a  highly  competitive  business,  but  beyond  a  certain 
point,  complete  testing to predict  future  failure  becomes  an 
impossibility. 

Table I is a  partial  summary  of  the  types  of  design  and 
production  defects  that  can  occur  and  the  tests  that  currently 
or  potentially  might  be  used to dete'ct  them. 

The available  testing  and  inspection  techniques  for  semi- 
conductor  circuit  prototyping  and  production  are  largely  limited 
to static  and  dynamic  electrical  terminal tests; direct  visual 
inspection  of  surfaces  under  microscopes;  visual  inspection of 



I 

TABLE I - SEMICONDUCTOR C I R C U I T  TESTING 

Testinq for :  Technique  used: D i f f i c u l t i e s  

Prototype  Stage 
Poor  temperature 
d i s t r i b u t i o n  
Poor dimensional 
tolerances 

Production  Stage 
Bad photography 
dus t ,   r eg i s t r a t ion ,  
focus 
Improper  Processing 
Diffusion: wrong depth 
concent. 
Etching:  over,  under 
Oxidation:  over,  under 
Metalization: shadowing, 
broken le   ads  
Surface  contamination 
Bad s t a t i c   e l e c t r i c a l  
char .  

Assembly Stage 
Faults due t o  bad  dicing 
Improper  header  bonding 
Connections  to  header: 
f a u l t y  bonds a t  header 
f a u l t y  bonds a t   c h i p  
lands 
Encapsulation: 
Leaks 
Surface  contamination 
Environmental: 
Temperature 

Humidity 
Vibration and shock 
Faulty dynamic e l e c t r i c a l  
c h a r a c t e r i s t i c s  

I R  Thermography Resolution 
Liquid   c rys ta l s  
Visual  inspection 

Visual  inspection  Oversight 

E l e c t r i c a l  tests Test i s  much l a t e r  

11 , v i s u a l  11 

I1 11 

11 11 

11 11 

Microprobing  of S t a t i c   t e s t i n g   o n l y  
input  and output 
t e r m i n a l   f o r   s t a t i c  
c h a r a c t e r i s t i c s  

Visual   inspect ion Oversight 
Visual   inspect ion Oversight 
Visual  inspection Oversight 

Leak test  
L i f e   t e s t s  Time and c o s t  

Life  Test  Usually  not r u n  
[ S t a t i c   E l e c t r i c a l ]  

I 1  

11 

Automated e l e c t r i c a l  
t e s t e r s  

U s  age 
Lead f a i l u r e  under  shipping,  handling,  assembly  into  system, 
and u s e ;   C a t a s t r o p h i c   e l e c t r i c a l   f a i l u r e  [runaway,  breakdown, etc.]  
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chip  surfaces  coated  with  heat  sensitive  liquid  crystal;  or 
visual  inspection  of  infrared  thermographs. 

Of all  these  tests,  the  go-no  go  static  electrical  testing 
of device  terminal  characteristics  is  the  simplest,  cheapest, 
and  most  reliable  method  of  weeding  out #badN units,  at  a  very 
early  stage.  Similarly,  automated  and  computer  controlled  dynamic 
electrical  testing  can  further  eliminate  off-specification  units 
prior to shipment.  There  is  a  limit,  however,  in  how  far  such 
tests  can go in  the  elimination of "good"  devices  which  have  a 
potential  for  either  catastrophic  failure  [lead  breakage,  semi- 
conductor  failure1  or  degradation  to  unreliable  dynamic  operating 
conditions  in  a  service  environment. 

Life  testing  over  environmental  extremes  of  temperature, 
humidity,  shock,  and  vibration  is  currently  quite  expensive  and 
may  prove  impossible  for LSI circuits  of  moderate  complexity  in 
which  the  number  of  input-output  combinations  becomes  exceedingly 
large. 

Conventional  visual  testing  is  limited to upper  surface 
conditions  and  indications  and  thus  may  not  show  up  some 
inadequacies  in  bonding,  metallizing,  or  passivation  which, 
while  leading to future  service  failures,  are  undetectable 
electrically.  Defects  below  the  surface  obviously  cannot  be 
seen,  and  evenfor  surface  defects,  there  is  a  high  probability 
for  oversight  from  the  shear  tedium of constant  visual  searching. 

Laser  holography  and  infrared  scanning  techniques  have  a 
potential  for  locating  internal  defects  that  are  manifest  in 
abnormal  temperature  or  strain  characteristics.  Such  techniques 
however  must  be  applied  prior to encapsulation  and  will  again 
most  likely  entail  a  visual  inspection of an  image  to  detect 
malformation. 

Holographic  Microscopy  of  Integrated  Circuits 

From  the  preceeding  paragraphs  it  is  evident  that  new  methods 
must  be  developed to  test  integrated  circuits  throughout  the 
various  stages of design  and  production. 
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One  of  these  methods  that  appears  promising  is  that  of 
Holographic  Microscopy or the  application of microscopy  techniques 
to  holographic  manipulations of  images  of  microcircuitry. In 
order  to  determine  the  usefulness  of  this  method  for  testing 
integrated  circuits,  a  basic  understanding  of  the  characteristics 
of  Holographic  Microscopy  is  necessary.  The  three  following 
sections  present  relevant  factors  of  microscopy,  interferometry 
and  a  general  discussion  of  Holographic  Microscopy.  Following 
these  sections,  a  detailed  discussion of the  application  of 
holography  to  testing  integrated  circuits  is  given  along  with 
results  obtained. 

The  study  performed  under  this  contract  has  resulted  in  a 
useful  technique to store  information  about  IC's  and  a  posteriori 
apply  known  microscopy  techniques to the  study  of  the IC's. In 
the  prototype  stage  or  study  phase  this  is  of  significance. 
Particularly,  holographic  interferometry  can  be  efficiently  used 
in  the  several  stages  of  metallization,  shadowing,  surface 
contamination  and  to  inspect  for  over  or  under  etching,  all 
employing  the  sensitivity  of  interferometry  around A/5O in  the 
wavefront  (in  reflection h/100). When  utmost  care  is  given to 
the  interpretation  of  the  interference  fringes,  it  is  possible 
to obtain  a  sensitivity of h/200 in  reflected  light. 

To study  diffusion  effects  it  has  been  suggested  that  the 
local  phase  variation  of  the  detail  be  measured  by  illuminating 
the  wafer  from  the  substrate  side  with  infrared  light to which 
silicon  is  transparent.  Interferometry  techniques  will  yield 
from  the  wavefront  thus  refracted,  an  optical  path  difference 
(OPD) which  is  proportional to  the  refractive  index  change  multiplied 
by  the  diffusion  depth.  The  refractive  index  in  turn  is  related 
to  the  diffusion  concentration. 

The  gold-aluminum  bond  at  the  pads  on  the  chip  where  the 
gold  leads  are  connected  is  suspected  as  problematical  and  worth 
inspecting. In future  studies  the  resolution  and  interferometry 
facility  of  Holographic  Microscopy  should  be  considered  to  inspect 
these  bonds. 

Recent  development  in  lensless  Holographic  Microscopy  and 
speckle  removal  techniques  have  made  it  attractive to use  holograms 
as  the  masters  for  printing  the  detail  on  the  wafers. A suggestion 
is  made  in  that  direction. 
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SURVEY OF MICROSCOPY 

To begin  the  detailed  discussion  of  the  use of holography 
as  applied  to  microsystems,  a  brief  survey  of  existing  microscope 
techniques  is  presented  below.  This  background  should  allow  the 
reader to interpret  the  findings  in  this  report  with  confidence. 

The  various  types of microscopy  can  be  listed  according to 
the  type of object to  be  observed.  Two  basic  types  of  objects 
can  be  distinguished: (1) opaque  objects  and (2) phase  objects. 
All  other  objects  can  be  classified  as  some  combination  of  these 
two. For  example,  when  absorbing  objects  are  used,  they  may  be 
opaque  for  one  wavelength  and  transparent  for  another.  Further- 
more  the  optical  pathlength  (OPL)  can  also  be  a  function  of 
wavelength. 

Opaque  Objects 

At different  wavelengths  it  is  customary  to  observe  opaque 
objects  with  brightfield  illumination,  darkfield  illumination  or 
vertical  illumination. 

When  brightfield  illumination  is  used,  the  background  of  the 
object  under  observation  is  brightly  lit.  The  consequences  of 
this  are  comprehensively  described  by  F.  Zernike.'  The  circum- 
ferences  of  the  objects  can  be  well  distinguished  and  if  the 
objects  are  not  fully  opaque,  the  absorption  changes  are  visible. 

Darkfield  illumination  is  used  to  show  only  the  edges 
clearly.  There  is  a  distinction  between  central  darkfield  and 
oblique  darkfield  which  Zernike  describes  in  the  same  article 
mentioned  above. In  general,  darkfield  methods  are  sensitive 
to absorption-gradients  and  phase-gradients. It gives  the 
microscopist  an  extra  clue  about  the  object.  When  the  object  is 
completely  opaque  but  has  some  reflectivity,  then  vertical 
illumination  is  applied.  This  illumination  is  incident  on  the 
object  from  the  same  direction  that  the  observation  is  made. 
In this  case  surface  texture  and  steps  in  the  object  can  be 
observed. 

For low  magnifications,  stereo  microscopy  is  often  used  to 
show  the  contour  of  the  object  as  well  as  the  three  dimensional 
shape.  However,  a  very  basic  problem  limits  the  three  dimensional 
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fidelity of such  a  observation, i.e., the  lateral  magnification 
of  such  a  system  is  the  square of the  transverse  magnification. 
A spherical  object  will  appear  as  an  ellipsoid. m e n  the 
transverse  magnification  is  high,  the  observation  in  depth  in 
image  space  behind  the  microscope  objective  is  limited  because 
the combination  of  the  eyepiece  and  the  eye of  the  observer  has 
a  limited  depth  of  field.  Translated  in  object  space,  this  gives 
a  depth  of  field  equal to that  of  the  combination  magnification 
of the  objective.  Typically,  the  eye  with  a lox eyepiece  has  a 
depth  of  field  of  about 2.5 - 3.0 mm. When  an  objective  of 43x 
is  used,  the  depth of field  in  the  object  is  about 1.5 - 2pm. 
Objects  of  a  longitudinal  extent  larger  than 1.5 - 2km  cannot  be 
seen  completely  with  a  combination  of  a 43x objective  and  a lox 
eyepiece. 

A stereo  microscope  can  be  made  according to  two  basic 
methods. In one  method,  the  visual  channels  are  provided  by 
two  separate  and  identical  microscopes  of  relatively low 
magnification,  side  by  side.  The  objectives  have  a  small  numerical 
aperture  and low magnification.  The  second  method  uses  one 
microscope  with  an  objective of  high  numerical  aperture. A prism 
system  is  placed  between  the  objective  and  the  two  eyepieces  to 
provide  two  images.  The  optical  system  is  then  adjusted so that 
the  images  of  the  eye  pupils  are  placed  side  by  side  in  the 
aperture of the  objective.  The  high  numerical  aperture  of  the 
objective  passes  light  through  the  microscope  which  contains 
information  of  the  object  as  seen  from  a  large  range  of  aspects. 

Phase  Objects 

Phase  objects  are  made  visible by transforming  phase- 
information  into  amplitude  information. The commonly  used  methods 
in  microscopy of phase  objects  are  darkfield  illumination8* l o  

oblique  brightfield8* l o  defocusing,8  normal  interference,l O 

small-shear  interference  contrast,”  phase micros cop^* 9 9  l o  and 
polarization  microscopy.lo  Other  techniques  more  typical  for 
other  areas  of  optical  observation  of  phase-objects  are  knife 
edge,  “wire  obstruction”  and  other  occluding  methods. 

Darkfield  illumination,  oblique  brightfield,  defocusing, 
and  small-shear  interferometry  can  be  regarded  as  edge  enhance- 
ment  techniques.  There  is,  however,  a  problem  of  image  fidelity. 
Darkfield  has  been  discussed  before.  Oblique  brightfield  will 
yield  an  image  which  shows  the  gradients  in  the  object.  The 
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f i d e l i t y  of  such  an image is  q u i t e  good  and can be re'garded as 
an image  showing  shadows caused  by a f i n i t e   s o u r c e  which c a s t s  
l i gh t   r ays  on t h e   o b j e c t   i n  one s l an ted   d i r ec t ion .  The con t r a s t  
o f   the  shadows,  however, i s  r a t h e r  low. This l i m i t s  t h e  minimum 
grad ien t   i n   t he   ob jec t   t ha t   can  be observed.  Defocusing  techniques 
w i l l  show t h a t  something is  present .  The f i d e l i t y   o f  t h e  image is 
naturally  poor  and  only  the  gross  circumference  of  rather  large 
ob jec t s  w i l l  resemble the  actual   shape.  

Normal interference  microscopy is  the   appl ica t ion   of  t w o  
beam interferometry  to  microscopy. The object  bundle i s  combined 
w i t h  a reference  bundle  of  uniform  phase and amplitude. When 
the   phase   va r i a t ions   i n   t he  image wavefront   are   not   in   excess  of 
a half   wavelength,   the  interference  of  the two wavefronts  can 
y i e l d  an i n t e n s i t y   v a r i a t i o n  which i s  n e a r l y   p r o p o r t i o n a l   t o   t h e  
phase   var ia t ion .   This  i s  achieved  by making the   in te r fe rence  
bundle  propagate i n  t h e  same d i rec t ion   as   the   ob jec t   bundle  and 
by  put t ing  the  center   of   curvature  of this   reference  bundle  
co inc ident   wi th   the   source   tha t   appears   to   i l lumina te   the  image. 
When these  two or ig ins   a re   no t   co inc ident ,   f r inges   a re   v i s ib le .  
In   general ,   these  f r inges  are '   contours  which describe  the  phase 
v a r i a t i o n s   i n   t h e  image. In   case  of   phase  var ia t ions  larger  
than a half   wavelength,   the  coincident  sources w i l l  y i e l d   i n t e r -  
fe rence   f r inges   a t   mul t ip les   o f   pos i t ive  and/or negat ive  differences 
of a wavelength. An o f f s e t  i s  of ten   used   to   y ie ld   aga in   the  
contours   descr ibing  the  phase-var ia t ions.  

Small-shear  interferometry  as  chiefly  introduced  by 
G. Nomarski,ll i s  a method used t o  enhance the   g rad ien ts  i n  
r e f r ac t ive   i ndex ,   o r   i n   gene ra l ,   op t i ca l   pa th .  The image looks 
t h e  same as   tha t   ob ta ined   wi th   ob l ique   b r ight f ie ld   except   tha t  
very good ext inct ion  can be obta ined   in   the  shadows. The 
smal les t   g rad ien t   tha t   can  be de tec ted  is l imited  only  by  the 
br ightness   o f   the  image. Thus f a r ,   t h i s  method is  t h e  best i n  
e x i s t e n c e   t o   t r a n s l a t e  a phase-image i n t o  a h i g h   f i d e l i t y  
amplitude image with  resolution  l imited  only  by  microscope 
objective  and  the  wavelength  of  radiation. 

Phase  microscopy8~9 i s  a standard  technique  used  especially 
i n   t h e   f i e l d   o f   b i o l o g y  and  medicine. I t  can   t rans la te  a phase- 
v a r i a t i o n   i n t o  an  ampli tude  var ia t ion,   wi th   proport ional i ty  
between t h e  two when the   phase-var ia t ions   in   the   ob jec t  wave- 
f r o n t  are smaller   than a half  wavelength. 
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Polarization  microscopy i s  the   type   genera l ly  done on bire- 
fr ingent   objects   or   microscopy done wi th   b i r e f r ingen t  components 
in   the   ins t rument .  

The s implest  form of  polarization  microscopy on b i r e f r i n g e n t  
ob jec t s  i s  t h a t  whereby the   ob jec t  i s  viewed  between  crossed 
polarizerg.   Bright  and  dark  regions w i l l  be shown i n   t h e  image. 
In   t he   ca se  of crystals ,   inferences  can be made about   the 
symmetry groups. As a f u n c t i o n   d i r e c t i o n   i n   t h e   c r y s t a l ,  
measurements  can be made  on t h e   d i f f e r e n c e   i n   t h e  slow  and f a s t  
refract ive  indexes  by  introduct ion  of   birefr ingent   compensators  
between t h e   p o l a r i z e r  and analyzer.  A Bertram-lens i s  o f t en  
b u i l t   i n t o   t h e  microscope to   a l low  the   observa t ion   of   the  
Fraunhofer   d i f f rac t ion   pa t te rn   o f   the  image. 

With the   advent   o f   the   l aser ,   the   ques t ion   a rose   as   to  
whether t h i s  new l igh t   source   could   o f fe r  a new f i e l d   o f  
microscopy t h a t  would yield  information  that   could  not  be obtained 
with  conventional  methods. The answer t o   t h a t   q u e s t i o n  l i e s  i n  
the  information  present  i n  a microscopic image obtained by 
laser   i l lumina t ion   as  compared t o   t h a t   o b t a i n e d  by i l lumina t ion  
with  convent ional   l ight   sources .  All o the r  forms  of  imagery 
with a l a s e r  compared t o  imagery  with  conventional  light  sources 
should be included. I t  i s  immediately  evident   that   accurate  
knowledge  of the  phase  of   the  laser   i l luminat ion  should  yield 
bet ter  phase  information  in  the  microscope image. I t  does  not 
mean, however, that  such  information  can be readi ly   der ived  from 
a laser   i l lumina ted   ob jec t .  The s p a t i a l  image qua l i ty   should  be 
comparable to   tha t   ob ta ined   wi th   convent iona l   sources .   This  i s  
ce r t a in ly   no t   t he   ca se .  Images obtained from incoherent ly  
i l luminated  objects  can be regarded  as a col lect ion  of   incoherent  
spread  functions,   of which the   energ ies   have   to  be added  according 
to  the  convolution  theorem. Images obtained from coherent ly  
i l luminated  objects  can be regarded  as  a col lect ion  of   mutual ly  
coherent  spread  functions,  of  which  the  amplitudes  have t o  be 
added .   This   l eads   to   in te r fe rence   pa t te rns  between t h e   d i f f e r e n t  
spa t ia l ly   d i s turbed   spread   func t ions ,  i . e . ,  it gives  rise t o  
speckle   pat terns .   For   microscopic   objects   the  speckles  may have 
t h e  same dimensions  as  the object d e t a i l  so it is  important   that  
some form of  destruction  of  the  coherence mus t  be p r e s e n t   t o  
ob ta in  good image qua l i ty ,   ye t   t he re   shou ld  be enough coherence 
l e f t   t o   t a k e  advantage  of  the  long  interference  length  of  the 
laser   source .   In   genera l ,   the   l aser  w i l l  re l ieve  instrumentat ion 
problems i n  two beam interference  microscopy where the   re fe rence  
wavefront i s  obtained from a bundle   that   does   not   t raverse   the 
same path as t h e  imaging  bundle. 
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INTERFEROMETRY 

In   o rde r   t o   unde r s t and   t he   p r inc ipa l  methods used t o   d e t e c t  
changes i n  an i n t e g r a t e d   c i r c u i t   w h i l e   t h e y   a r e   e l e c t r i c a l l y  
ac t iva t ed ,  it is  important to   d i scuss   in te r fe rometry   separa te ly .  
In  the  holographic  microscopy  system  one  or two of   the many 
in t e r f e romet r i c  methods a re   u sed   t o   de t ec t   such  changes. 

In te r fe rometry   re fe rs   to   the   p rocess  whereby l i g h t  waves 
in te rac t   wi th   each   o ther   in   such  a manner t h a t   t h e  wave p rope r t i e s  
con t r ibu te   t o   t he   f i na l   r e su l t .   Fo r   i n s t ance ,   t he   r e l a t ive  
phase  of   the  l ight  waves w i l l  sometimes  cause  enhancement o r  
a t tenuat ion  of the   to ta l   ampl i tude .  I t  i s  necessary   tha t   the  
waves have t h e  same wavelength and be s u f f i c i e n t l y   c o h e r e n t   t o  
permi t   in te rac t ion .  The term llcoherentll  can be explained  as  
su f f i c i en t   o rgan iza t ion  i n  t h e   i n t e r a c t i n g  waves t h a t   a t   t h e  
po in t  i n  space  where  they meet, each wave llknows  from the   o the r  how 
it i s  vibrating."  This  can  be  achieved  by  deriving t h e  waves 
from t h e  same p o i n t   i n  a l igh t   source  and  leading them t o   t h e  
po in t  where they   should   in te rac t .   In   p rac t ice  however, a po in t  
source  does  not  produce enough energy to  enable  observation  of 
t h e   l i g h t  waves.  Therefore,  usually a small ,   but  extended  area 
of  such a l igh t   source  i s  used t o  do interference  experiments .  
The consequences  of  using more than one poin t   in   the   source   g ives  
r ise  t o  less organizat ion between i n t e r f e r i n g  waves. Each po in t  
in  the  extended  source  f ires  independently from the   o thers  and 
thus  causes i n  genera l  a lack of o rgan iza t ion   a t   t he   r eg ion  of 
interference.   (Only when the  paths   over  which t h e  severa l  waves 
a r e   l e d   t o   f i n a l l y   i n t e r a c t   w i t h   e a c h   o t h e r ,   a r e   e q u a l  i n  length 

w i l l  t h e r e  be organizat ion.)  The r e s u l t   o f   t h i s   i n t e r f e r e n c e  is  
an  addition  of  effects,   each  of which i s  a r e s u l t  of i n t e r f e rences  
taking  place  between waves emanating from t h e  same p o i n t   i n   t h e  
l igh t   source .  Thus it can  be  seen,  that when t h e  p o i n t s   i n   t h e  
l i gh t   sou rce   a r e  many and  widely  separated, a l l   t h e   i n t e r f e r e n c e  
e f f e c t s  w i l l  average   ou t   to  a mean value.  

When the  waves depart ing from  one source  point  propagate 
in   space  and while  doing so expand in   the  forward  half   space,  
t he   t h ree   d imens iona l   d i s t r ibu t ion ,   w i th   t he   cha rac t e r i s t i c   t ha t  
t he   op t i ca l   pa th  measured  from t h e  same poin t   o f   depar ture   in  
the  source be t h e  same, i s  c a l l e d  a wavefront, O r  an equiphase 
f ron t .  When one  such  wavefront i s  led  over  two separa te   pa ths  
and  subsequently  recombined  interference w i l l  occur  between  the 
wavefronts. A pat tern  of   dark and br ight   f r inges  appears  a t  
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Places  where the   pa th   d i f fe rence  between t h e  two wavefronts i s  
(A/2 f kh),  where h is  the  wavelength  and k is an in teger .  The 
br ight   f r inges  occur  where the   pa th   d i f fe rence  i s  ( A  f kh) .  If 
now,  many more adjacent   source  points   are   used  to   generate  wave- 
f r o n t s  and they   a re   l ed   over   the  same two separa te   pa ths ,   the  
f r inge   pa t t e rn  which w i l l  be produced  consists  of an energy 
a d d i t i o n   o f   a l l   t h e   p a t t e r n s   t h a t  were  formed  by each  individual 
adjacent   point  i n  the  source.  I t  can  be seen t h a t   i f   t h e   a p p a r e n t  
source   s ize  i s  as   small   as   seen from  a pos i t ion  on the  wavefront,  
a l l  t h e  l i gh t   pa ths   l ead ing   t o   t ha t   pos i t i on   a r e   equa l  i n  length. 
Therefore,   the  appearance  of  the  fringe  pattern  does  not  change 
very much  when the  source i s  extended. The changes w i l l  occur 
when the  apparent   source  s ize  i s  such   tha t   pa th   d i f fe rences  
between  rays  originating  within  the  small  extended  source and 
l ead ing   t o   t he  same pos i t i on  on the  combined wavefronts  take 
values on the   o rder  of h/2. 

Two-Beam Interferometry 

The phenomenon described above  can  be  used i n  many arrange- 
ments lead ing   to   d i f fe ren t   uses .  The s implest   c lass   of  inter-  
ferometry i s  done with two beams and accordingly  cal led two- 
beam interferometry.   For  the  purpose  of  this work o n l y   t h i s  
category w i l l  be  discussed i n  more detai l .   Al though  the  source 
choice  can  be  any,  for  the  purpose  of  both  practice and s impl ic i ty ,  
a po in t   l igh t   source  i s  chosen. When a l a s e r  i s  used ,   th i s  
s e l ec t ion  i s  very good because   fo r   a l l   p rac t i ca l   pu rposes  a 
l a s e r  beam brought   to   focus   a t   the   foca l   po in t  of a lens i s  a s  
good a s  a po in t   l igh t   source  w i t h  a h igh   i n t ens i ty .  It  means 
t h a t  little care  need  be  taken i n  the  choice  of   the   path  difference 
between the  two beams i n  order   to   ach ieve   in te r fe rence .  

The Michelson two beam interferometer .  ~ . . . ". . - T h i s  method i s  
t y p i f i e d  by the  instrument  of  Fig.  1.- The l i g h t  from  a l a s e r  
i s  focused t o  become a po in t   l i gh t   sou rce   a t   t he   foca l   po in t   o f  
a w e l l  cor rec ted   co l l imator   l ens ,   to  form  a plane  wavefront. 
This  wavefront i s  s p l i t  i n  two  by  a beamspl i t ter  and led  over 
separate  paths,   each  containing a plane  mirror .  The two wave- 
f ronts   a re   subsequent ly   re f lec ted  back and recombined a t   t h e  
beamspl i t ter .  From there ,   the  two wavefronts   t ravel  common 
paths i n  t h e  d i r ec t ion  of t h e  o b s e r v e r .   I f   a l l   t h e   l i g h t  i s  
focused  through  the  pupil  of  the  observer,  the  complete  wavefront 
can be observed. By angular  adjustment  of  the  mirrors  the  angle 
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L A S E R  

Figure 1. Michelson  two-beam  interferometer 



between the  returning  wavefronts  can be chosen. B y  l i n e a r  
adjustment   of   the   mirrors   in   the  direct ion  of   propagat ion  of   the 
l igh t ,   the   phase   re ta rda t ion   of   these   wavef ronts   can  be regulated.  
I f   t h e  two plane  wavefronts are i n c l i n e d   r e l a t i v e   t o   e a c h   o t h e r ,  
t he   f ami l i a r   s t r a igh t   wave f ron t   f r i nges  w i l l  appear. The l a r g e r  
the  angle  between  the two wavefronts ,   the   f iner   the  f r inges.  

In   opera t ion ,  a t r anspa ren t   ob jec t  i s  p l aced   i n  one  of t h e  
arms of the   in te r fe rometer .  I t  w i l l ,  i n   g e n e r a l ,   a l t e r   t h e  
wavefront. When, on t h e   r e t u r n   t r i p   a f t e r  second  passage  of 
the   beamspl i t te r ,   th i s   modi f ied   wavef ront   in te r fe res   wi th   the  
unaltered  wavefront,  a f r i n g e   p a t t e r n  w i l l  be formed. This two 
dimensional   pat tern  departs  from t h e   s t r a i g h t   f r i n g e s .  A s  a 
func t ion   of   the   p lace   in   the  two dimensional  plane,   the  departures 
from the   s t ra ight   l ine   pa t te rn   represent ,   exac t ly ,   the   phase  
v a r i a t i o n s   i n  t h e  unknown object .   Since i n  t h e  in te r fe rence   o f  
t he  two plane  wavefronts ,   the   s tep from  one f r i n g e   t o   t h e   o t h e r  
was brought  about  by a phase  change  of A/2, t h i s   p a t t e r n   p r o v i d e s ,  
under  the  given  angular  portion  of  the  mirrors,  a ca l ib ra t ion .  
(See Fig. 2A). When t h e  unknown ob jec t  i s  p l aced   i n  one  of t h e  
arms  and the   i n t e r f e rence   pa t t e rn  i s  a l t e r e d   i n t o  one a s  shown 
in   F ig .  2B the   fo l lowing   in te rpre ta t ion   can  be made. I n  a s t r i p ,  
d cm wide, t he   i n t e r f e rence   l i nes   a r e   d i sp l aced   by  2/3 t h e   o r i g i n a l  
fringe  width.  This  corresponds t o  a phase  change  of 2/3 x A/2 = A/3. 
The placement  of a t r anspa ren t   ma te r i a l   i n  one  of t h e  arms 
n e c e s s a r i l y   r e q u i r e s   t h e   l i g h t   t o   p a s s  twice through  such a 
medium.  The ac tua l   phase   d i f f e rence   i n   t he   ma te r i a l  i s ,  t he re fo re  
1/2 X A /3  = A/6. 

I t  can be sa id   t ha t   t he   f r inge   shape  i s  d i r ec t ly   p ropor t iona l  
t o   t he   phase   va r i a t ion   con tour s   i n   t he   ob jec t .   I f   t he  two plane 
wavefronts were n o t   m u t u a l l y   i n c l i n e d   a t   t h e   o u t s e t ,  a uniform 
i n t e n s i t y  would have  appeared on t h e   e x i t   l e n s  of t he   i n t e r f e ro -  
meter. 

This type of interferometry i s  o f t e n   r e f e r r e d   t o   a s  Normal 
Interferometry.  I t  i s  t h e  two-beam in te r fe rometry  whereby t h e  
perturbed  wavefront i s  compared with a uniphase  wavefront,  in 
p a r t i c u l a r ,  a plane  wavefront or a spherical   wavefront.  The 
reference  wavefront  and  the unknown wavefront  can be e i t h e r  
mutua l ly   inc l ined   or   no t .  

I n  Holography t h i s  method can be successful ly   appl ied.  
A hologram i s  f i r s t  made of a plane  mirror  on the  microscope 
s t a g e   i n   t h e   p l a c e  of  an in t eg ra t ed  c i r cu i t  ( I C )  i n  Fig. 3. 
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Figure 2. Interference  patterns  in  Michelson  interferometer. 
(a)  Interference  between  two  plane  wavefronts 
(b) Interference  between  plane  reference  wavefront  and 

a  wavefront  where a strip  of  width  d cm has  a  phase 
step  of 2/3 x h/2. 
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Figure 3. Front  illumination  modification in Holographic 
Microscope. 
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After  development  of t h i s  hologram, it is  placed back i n  t h e  
pos i t i on  where it was taken. The reference beam i n  Fig. 3 now 
recons t ruc ts   the   wavef ront   tha t  came from t h e   f l a t   m i r r o r .  B u t ,  
the  wavefront from t h e   f l a t   m i r r o r  on the  microscope-stage i s  
s t i l l  passing  through  the  microscope. Thus, two wavefronts  are 
present ,   both  representat ive  of   the   plane  mirror .   This  i s  
comparable t o  the  case  of  Normal Interferometry  with two uniphase 
wavefronts. When  now the  mirror  i s  replaced by  an I C ,  the  bundle 
transmitted  through  the  microscope i s  no longer  representative  of 
a plane  mirror,  b u t  so modif ied  that  it represents   the  phase 
departures on t h e  I C .  The reconstructed  wavefront i s  still 
rep resen ta t ive   o f   t he   o r ig ina l   p l ane   mi r ro r .  Thus, Normal 
In te r fe rence  i s  obtained between a uniphase  wavefront and  a 
modified  wavefront. The a c t u a l  image obtained  can  be  seen i n  
F ig .   4 (a) .  By inc l in ing   the   wavef ronts   re la t ive   to   each   o ther  a 
p a t t e r n  i s  obtained  as  shown i n  Fig.   4(c)-  Fig.  4 ( b )  and (d)  
a r e   s imi l a r   t o   F ig .   4 (a )  and ( c )   r e spec t ive ly   excep t   t ha t  now 
the  I C ' s  were ac t iva ted .  

I f   t h e r e  was a way t o  now  make a f r i n g e   p a t t e r n   t h a t  
represents   only  the  difference between  Fig.  4(b) and ( a )   o r  
between  Fig. 4 ( d )  and ( c ) ,  an  immediate r e su l t   cou ld  be 
obtained  about   the  difference between the   ac t iva t ed  and unactivated 
I C .  Such  a p a t t e r n   o r  map can be derived from the   f r inge   pa t t e rns  
of  Fig. 4,  b u t  th i s   p rocedure  i s  very t i m e  consuming. 

I n  the  following a  method w i l l  be described known a s  
Dif fe ren t ia l   In te r fe rometry ,  which w i l l  y i e l d   j u s t  such a 
d i f fe rence  i n  pa t t e rns .  

Di f fe ren t ia l   In te r fe rometry  

I n  order   to   de tec t   on ly   d i f fe rences  i n  phase  var ia t ions it 
i s  n e c e s s a r y   t o   a l s o  modify the  reference beam o r   be t t e r ,   t he  
comparison beam. The l a t t e r   c o n s i s t s  of a uniform  phase i n  
normal  interferometry. The uniformity must be so modif ied  that  
a t  t h e  places  where t h e  object  wavefront  departs from the  constant  
phase, it i s  changed  by  an amount equa l   t o   t ha t   depa r tu re .  
When th is   p rocedure  i s  fo l lowed   fo r   a l l   t he   po in t s  on t h e  com- 
par i son   wavef ront ,   the   l a t te r  i s  modi f ied   in to   the  same  wave- 
f ront   as   the  object   wavefront .  A separa te   c lass   o f  two-beam 
interferometry  has  been  introduced where the  object-modified 
wavefront i s  s p l i t   i n  two ident ica l   wavef ronts   tha t   a re  recombined. 
When the  recombination i s  achieved  by  exactly  superimposing one 
onto  the  other   such  that   the   corresponding  points   overlap,  



(a) normal reference beam, (b )  normal  reference beam, 
unactivated I C  ac t iva ted  I C  

( c )  t i l t e d   r e f e r e n c e  beam, ( d )  t i l t e d   r e f e r e n c e  beam, 
unactivated I C  ac t iva ted  I C  

Figure 4. Normal Two-Beam Interferometry 
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there  should  be  one  uniform  fringe  over  the  exit  pupil  of  the 
interferometer.  This  sometimes  cannot  occur  when  the  detail 
in  the  object  is  such  that  abrupt  phase  changes  take  place. 
This  causes  diffraction  fringes  which  are  difficult  to  match 
and  consequently  will  not  disappear. 

In Fig. 5, the  situation  is  shown  whereby  the  two  identical 
wavefronts  are  sheared  in  the  plane of the object. Now a  compound 
phenomenon  can  be  observed  which  generally  is  an  image.  This 
image  can  be  very  useful  when  the  shear  performed  in  the  image 
plane  is  small.  From  Fig. 5 it  can  be  seen  that  an  intensity 
departing  from  uniformity  only  occurs  where  the  slopes  in  the 
wavefronts  are  not  tangent to  the  shear  direction.  For  a 
sufficiently  small  shear  it  can  be  shown  that  the  intensity 
variation  in  the  image  is  proportional  to  the  first  derivative 
of  the  wavefront  contour  in  the  direction  of  the  shear. A 
typical  example  is  shown  in  Fig.  12  of  a  sample  of  fresh  red  .blood 
cells. In Fig.  12(b) two  wavefronts  derived  from  the  object 
were  sheared  in  the  object  plane  and  observed. It appears  as  if 
a  light  source  was  aimed  from  the  upper  right  hand  corner  at 
the  blood  cells  illuminating th,em;under  near  grazing  incidence. 
It can  be  seen  that  the  cells  are  discs  with  an  identation  in 
the center. 

With  a  further  application  of  holography,  a  new  type  of 
interferometry  can  be  identified:  Holographic  Differential 
Interferometry. Two types  can  be  described. One is  space 
differential  interferometry  as  shown  above  and  not  typical  for 
holography  and  the  other  is  time  differential  interferometry 
which  can  only  be  practically  achieved  through  use  of  holographic 
methods. 

Holographic  Differential  Interferometry 

In this  process  the  two  beams  are  obtained  not by an  inter- 
ferometer  but by  a  hologram  made  from  the  object  wavefront  and 
by the  object  wavefront  itself.  The  hologram  is  first  made  of 
the  object  (not  of  a  substitute  mirror as in  Holographic  Normal 
Interferometry)  and  subsequently  repositioned  in  place  where it 
was taken.  The  hologram  reference  beam  functions  as  the 
reconstruction  beam  and  reconstructs  the  object  wavefront  as  if 
it  was  coming  from  the  object.  Concurrently,  the  object  is 
illuminated  in  the  holographic  arrangement,  and  provides  the 
second  wavefront,  identical  with  the  reconstructed  wavefront. 



1s' derivative  zero 

Variation in slope 

Constant slope or 
constant 1 st 

der ivat ive  
object  plane 

obiec t wavefronts 

Figure  5. L i n e a r   s h e a r   i n   o b j e c t   p l a n e .  
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From  here  on  the  wavefront  obtained  from  the  hologram  is 
the  comparison  wavefront.  When  nothing  is  changed  in the object 
between  the  time of taking  it's  hologram  and  the  present,  the 
same  situation  exists  as  in  conventional  differential  inter- 
ferometry.  This  is  called  Space  Differential  Holographic 
Interferometry. 

Now  keeping  in  mind  that  the  comparison  wavefront  is  still 
unchanged,  the  object  wavefront  can  be  one  that  will  change  as 
time  progresses,  either by  time  dependent  physical  property 
changes  of  the  object  or  by  inducing  changes  through  some  external 
means.  This  change  becomes  apparent  in  the  compound  image  and 
cannot  be  compared  with  any  image  obtained  in  conventional 
interferometry.  There  the  comparison  wavefront  will  change  as 
the  object  wavefront  changes.  Moreover,  the  change  is  exactly 
the  same  as  that  in  the  other  wavefront.  Clearly,  for  time 
variant  phenomena,  holographic  interferometry  yields  uniquely 
useful  results.  This  category of interferometry  is  called 
Time  Differential  Holoqraphic  Interferometry  or  Time  Sequential 
Interferometry.  This  technique  was  applied  to  the  study  of 
integrated  circuits. The contention  is  that  upon  activation  of 
an IC, the  different  thin  films  deposited  on  the  chip  may  act 
sufficiently  different  thermally to cause  local  expansions  in 
the  material. If these  expansions  are  excessive  it  may  indicate 
a  failure  mechanism  which  cannot  be  detected  by  usual  optical 
observation.  Fig.  6(a)  and  (c)  show  the  differential  inter- 
ferometry  pattern  obtained  for  the  unactivated  IC.  Note  that 
in  Fig.  6(a)  the  same  appearance  is  prevalent  in  the  blood 
cells  in  Fig.  12.  The  equivalent  grazing  incidence  source 
appears  to  come  from  the  righthand  side. In Fig.  6(b) a small 
tilt  was  introduced  between  the  two  wavefronts. The result  is 
obviously  the  presence  of  straight  interference  fringes  super- 
imposed  on  the  image (a). In  the  right  hand  column  the  images 
are  shown  after  the IC was  activated.  Fig.  6(b)  shows  that 
the  protrusions  in the detail,  as  could  also  be  seen  in  (a), 
have  substantially  "grown."  This  growing  effect  is  a  time 
differential  event. The appearance  of  the  protrusions is a 
space  differential  phenomenon.  In  Figure  6(d)  the  illustration 
is  even  more  dramatic.  The  relatively  straight  fringes of 
Fig. 6(c) have  substantially  taken  a  saw-tooth  appearance.  The 
grownprotrusions  are  even  clearer here.  what the extent  is 
of normal  expansion  is  unknown  and  should  be  empirically 
established. 



In resume  it  can be said  that  holography  has  offered  an 
entirely  new  form of interferometry,  which  is  unique  in  its 
kind:  Time  Differential  Interferometry. The pioneers  in  this 
field  are  R. L. Powell  and K. Stetson12  as well as  L. 0 .  Heflinger 
et al.13 Due to the  work  of R.  F. van  Ligten,14  this  interferometry 
can be applied to microscopic  objects.  The  first  substantial 
experimental  results  for  Time  Differential  Interferometry  were 
obtained  with  the  integrated  circuit  as  shown  in  Fig. 6. 

HOLOGRAPHIC MICROSCOPY 

Holography  is  a  very  significant  and  non-obvious  application 
of  the  laser.  When  applied  to  microscopy  many  possibilities 
present  themselves. The first  significant  property  is  that  a 
record  can  be  made  of  the  object  in  amplitude  and  phase,  which 
can  be  later  investigated  with  all  the  methods  mentioned  above. 
When, in  microscopy,  a  phenomenon  has  to  be  studied  which  changes 
with  time,  holographic  microscopy  definitely  offers  numerous 
advantages  over  direct  observation. An important  application  is 
when  changes  can  be  artifically  induced  in  the  object  and  when 
the  changed  specimen  can  be  compared  with  itself  before  it  was 
changed.  Furthermore,  holography  offers  color  translation  in 
amplitude  and  phase.  Usually  the  phase  information  in  conventional 
color  translation  techniques  is  completely  lost. 

The  presence  of  amplitude  and  phase  in  the  image  means  that 
the  image  bundle  has  been  recorded  in  three  dimensions.  There- 
fore  another  important  application  is  that  a  three  dimensional 
sample  of  substantial  volume  can  be  stored  on  a  two  dimensional 
plate  or  film. 

Since  the  hologram  contains  all  the  information  about  the 
object,  the  various  image  processing  techniques  that  are 
normally  applied  to  the  original  object  can  now  be  applied  to 
the  holographic  reconstruction.  This  is  a  property  that  no 
other  optical  technique  offers.  Furthermore,  this  can  provide 
an  advantage  over  direct  viewing of the  object  by  various 
techniques,  because  in  microscopy  it  is  not  always  a  simple 
matter to find  precisely  the  same  field  of  view  when  the  specimen 
is  moved  from  one  type  of  microscope to another. 
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( a )  no shear ,   unact ivated I C  (b) no shear ,   ac t iva ted  I C  

( c )  l a rge  tilt , unact ivated I C  (d)   l a rge  tilt , ac t iva t ed  I C  

Figure 6. D i f f e ren t i a l   In t e r f e romet ry  
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Results  of  Various  Techniques  in  Holographic  Microscopy 

Brightfield  illumination  is  the  simplest  method of micro- 
scopy  and  image  reconstruction. It is  the  unaltered  reconstruction 
from  a  uniformly  illuminated  object.  The  major  concern  in  this 
type  of  imagery  is  the  limit  of  resolution.  Figure 7 shows 
two  reconstructions  from  the  same  hologram. The fibers  and 
heads  are  neurons.  The  arrow  indicates  a  nerve  which  has  a 
lateral  extent  of 1 pm. The  reconstructions  were  taken  in 
two  different  planes of the  specimen  about 40 pm  apart  in 
depth. The wavelength  of  the  light  was 63281. An oil  immersion 
microscope  objective  was  used  with  a 5 O x  magnification  and  a 
N.A. of 0.95. 

The  arrangement of the  Holographic  Microscope  is  given  in 
Figure 8. Two other  brightfield  reconstructions  are  shown  in 
Figure 9; the  hologram  was  taken  with  a 20x,  N.A. 0.50 dry 
objective. 

Darkfield  results  can  be  obtained  by  suppressing  the  zero- 
order  diffraction  image  of  the  object  illumination  source  in  the 
reconstruction.  This  was  shown  first  by G.  Ellis,’  but 
unfortunately  his  image  quality  was  poor.  However,  as  shown  by 
Figures 7 and 9, techniques  do  exists  for  substantially  improving 
the  image  quality. 

Vertical  illumination  has  not  been  shown  in  the  literature, 
but  does  not  offer  any  serious  difficulties. 

Stereo  viewing  is  a  technique  that  has  not  been  applied  in 
holographic  microscopy. 

Figure 10 shows  reconstruction of a  phase  object  from  one 
hologram  made  from  polybutene  oxide.  Photographs  (b)  and  (c) 
show  results  of  Schlieren  knife  edge  techniques  applied  in  the 
reconstruction.  This is an  example of a  method  where  phase 
variations  are  made  visible.  More  precisely  it  falls  in  the 
category of edge  enhancement  techniques.  Frequently  these 
techniques  are  used  in  windtunnels  and  in  testing of large 
optical  systems. The phase  gradients  appear  more  pronounced. 
The  insertion  of  the knife edge,  however,  cuts  the  useful  aperture 
in  half  in  one  direction,  causing  a  drop  in  resolution  in  that 
direction. It does  not  mean  that  the  fidelity of  the  image  is  not 
correct. A better  method  is  oblique  brightfield  but  here  the 
contrast  produced  in  the  image is not as  good.  However,  because 
the  angle  used  in  oblique  illumination  is  different  from  zero 
the  diffraction  image  is  linearly  displaced. 
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Figure 7. Neurons;  (a)  Reconstruction  from  a  hologram of a 
microscopic  specimen. (b) Reconstruction  from  the  same  hologram 
40 pm  deeper. Arrow  indicates  a  fiber of about 1 pm mag. 
around 1OOx. 
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Figure 8 .  Schematic  diagram of the  Holographic  Microscope. 
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S t r a i g h t   b r i g h t f i e l d  
r e c o n s t r u c t i o n .  

Toepler   Schl ieren .6 The 
knife   edge i s  i n s e r t e d  
i n t o   t h e   d i f f r a c t i o n  
image  masking ha l f   o f  
t h e   d i f f r a c t i o n  image 
bu t  j u s t  a l lowing  the 
undi f f rac ted   zero-order  
t o  p a s s .  

Same a s  (b)  b u t  now the  
kni fe   edge   a l so  masks 
the   zero-order   d i f f rac ted  
component. The image 
thus  obtained i s  akin 
t o   o b l i q u e   d a r k f i e l d  
i l l umina t ion  .6 

Figure 10. Polybutene  oxide;   Schl ieren  or   knife   edge  techniques;  
r econs t ruc t ions  from same hologram. Mag. 2 0 0 x .  
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Two beam  normal  interferometry  during  reconstruction  is 
adequately  shown  in  Figure  11.  The  hologram  was  taken  from  a 
sample of polyethylene  oxide  on  a  hot-stage. In (a) in  the 
solid  part it can  be  seen  that  the  polymer  develops  in  platelets 
stacked  like  a  deck of cards,  but  the  orientation  of the deck 
differs  from  place to place. In the  molten  part  there  is no 
order. In (b)  inferences  about  the  phase  difference  can  be  made 
from  the  form of the  interference  fringes.  This  work  was  done 
in  collaboration  with  Professor  Marian  Rhodes  of  the  Polymer 
Institute  at  the  University of Massachusetts.  The  event  seen 
in  the  reconstruction  only  lasts  for  about 1 second.  The  exposure 
time  on  the  hologram  was  1/1000  second  on  Agfa  Agepan  FF  film 
(now 14 C 7 0 ) .  The  laser  used  was  an A0 He-Ne  laser  with  an 
output  of 4 mw. 

Figures  12  and  13  show  examples  of  small  shear  interference 
contrast. In  Figure 12(a) the  blood  cells  show  some  contrast 
which  normally,  in  red  light,  cannot  be  seen.  The  reason  is  that 
Brownian  motion  takes  place  and  a  phenomenon  like  time  integrated 
interferometry  occurs.12 

It is  apparent  from  Figure  12(b)  that  the  phase  information 
is  still  present  in  spite  of  the  Brownian  motion.  Although  this 
small  shear  interference  contrast  can  be  considered  an  edge 
enhancement  technique,  it  is  actually  more  than  that.  The  contrast 
is so good  that  a  high  degree  of  resolution  is  obtained  with  the 
full  aperture  of  the  microscope  objective.  The  fidelity  of  the 
image  does  not  suffer.  The  human  perception  system  immediately 
recognizes  the  shape  and  views  the  pictures  as  if  they  were  taken 
from  objects  that  were  illuminated  obliquely  with  a  highly  directed 
light  bundle. 

Figure 14 is  introduced to make  a  comparison  with  the 
results  in  Figure 10(b). The  fibrils  are  much  sharper  in 
Figure 14(b), illustrating  the  advantage  of  not  occluding  half 
the  aperture  as  in  Figure 10(b). The  same  fibrils  are  detectable, 
but in  Figure 10(b) they  appear  more  smeared  out. 

Phase  contrast  was  shown  by Ellis.’ The  image  quality  is 
not  good  in  his  case,  but  as  has  been  described  earlier,  techniques 
exist  for  substantially  improving  the  quality  of  the  image. 

Polarization  microscopy was adequately  shown  in  Figure 10(b) 
and 14(a). The dark  crosses  are  caused by  the  birefringence  in 
the  polymer. The hologram  was  made  with  a  laser  emitting  plane 



I I  
10 pm 

a b 

Figure 11. Front  between  molten  state  and s o l i d  state of 
polyethylene oxide. Reconstructions from the  same hologram. 
(a) small  shear  interference  contrast.  (b)  normal  two  beam 
interferometry. Mag. 1OOOx. 
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Figure 12. Human  fresh  red  blood  cells;  reconstructions  from  same 
hologram. (a) straight  brightfield  reconstruction.  (b) small 
shear  interference  contrast. Mag. 7 5 0 ~ .  



a b 

Figure 13. E p i t h e l i a l  ce l l ,  r econs t ruc t ions  from same hologram. 
( a )   s t r a i g h t   b r i g h t f i e l d   r e c o n s t r u c t i o n .  (b) smal l   shear  
i n t e r f e r e n c e   c o n t r a s t .  Mag. 75Ox. 
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b 
Figure 14. Polybutene  oxide;  reconstructions  from  same  hologram. 
(a) straight  brightfield.  (b)  small  shear  interference  contrast. 
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po la r i zed   l i gh t .  Under ord inary   condi t ions ,   the   in te r fe rence  
a t  t h e  hologram plane   t akes   p lace  between mutua l ly   pa ra l l e l  
p o l a r i z e d   l i g h t   i n   t h e  two beams. This means t h a t   t h e  hologram 
contains   information  of   the specimen a s   i f  w e r e  taken  between 
a p o l a r i z e r  and  analyzer  both  being set  pa ra l l e l .   I n t roduc t ion  
of a r o t a t o r  i n  the   re fe rence  beam3 o r   o b j e c t  beam, w i l l  allow 
a reconstyuction  of  the  specimen  representing  information between 
p o l a r i z e r  and analyzer  w i t h  an a rb i t ra ry   angle   wi th   each   o ther .  
This work needs t o  be done during  the  product ion  of   the hologram 
and  poses no d i f f i c u l t i e s   i n   t h e   r e c o n s t r u c t i o n .  

T i m e  Sequential  Holography 

A resu l t  tha t   cur ren t ly   can   on ly  be achieved  with  holography 
i s  t h e  comparison  of  an o b j e c t   w i t h   i t s e l f   a f t e r  an event  has 
taken  place.  The information  thereby  obtained i s  in  amplitude 
and  phase.   This  permits  the  comparison  to be done wi th   i n t e r -  
ference and  phase  techniques  as w e l l  as  amplitude  techniques,  
such as .is done with  comparators.  Powell  and  Stetson13 showed 
an  integrat ion  of   the  sequent ia l   events .   This  i s  necessary   in  
cases  where t h e  t i m e  i n t e r v a l  between the   events  i s  shor t .  An  
example of t h i s  i s  also  given  in   Figure  12(a) .   Hefl inger ,  
Wuerker  and  Brooks13 showed time sequent ia l   ho lographic   in te r -  
ferometry  by making a hologram  of a l igh t   bu lb ,  and then 
reposi t ioning  the  hologram  in   the same plane where it was taken 
t o   i n t e r f e r e   t h e   r e c o n s t r u c t e d  image wi th   t he  lamp i t s e l f .  When 
t h e  lamp i s  heated an in te r fe rence   pa t te rn   appears  which i s  
c h a r a c t e r i s t i c  of t h e  change i n  o p t i c a l   p a t h  due t o  temperature 
e levat ion.   This  method can be a p p l i e d   t o   t h e   v i s u a l i z a t i o n  of 
s t r a i n s ,  growth  of crystals,   changes i n  biological  specimens 
etc.  Instead  of  superposing many holograms on t h e  same emulsion 
fo r   d i f f e ren t   cond i t ions  of t he   ob jec t ,  a f i n i t e  number o f   d i f f e ren t  
holograms  can be made of d i f f e ren t   pho tograph ic   p l a t e s .   I f   t he  
plates   are   then  s tacked  together ,   an  interference  pat tern results 
s i m i l a r   t o   s u p e r p o s i n g   a l l  t h e  holograms on one p l a t e .  The 
information  derived from these  techniques i s  mainly  phase- 
information. 

Figure 1 4  i s  introduced  to  make a comparison  with  the 
r e su l t s   i n   F igu re   10 (b ) .  The f i b r i l s   a r e  much sha rpe r   i n  
Figure 14(b), i l lus t ra t ing   the   advantage   o f   no t   occ luding   ha l f  
t he   ape r tu re   a s   i n   F igu re   10 (b ) .  The same f i b r i l s   a r e   d e t e c t a b l e ,  
b u t  in   Figure  10(b)   they  appear  more smeared  out. 
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Phase  contrast  was shown by E l l i s 3  The image q u a l i t y  i s  
not  good i n   h i s  case, but   as   has   been  descr ibed  ear l ier ,   techniques 
ex is t   for   subs tan t ia l ly   improving   the   qua l i ty   o f   the  image. 

Polarization  microscopy w a s  adequately shown in   F igures   10(b)  
and 14 (a ) .  The dark  crosses   are   caused by the   b i re f r ingence  i n  
t h e  polymer. The hologram was made with a laser   emi t t ing   p lane  
po la r i zed   l i gh t .  Under ord inary   condi t ions ,   the   in te r fe rence  
a t   t h e  hologram  plane  takes  place  between  mutually  parallel 
p o l a r i z e d   l i g h t   i n   t h e  two beams. This means t h a t   t h e  hologram 
contains  information of t h e  specimen a s   i f  were  taken  between 
a p o l a r i z e r  and analyzer  both  being set  pa ra l l e l .   I n t roduc t ion  
of a r o t a t o r   i n   t h e   r e f e r e n c e  beam3 o r   ob jec t  beam, w i l l  allow 
a reconstruct ion  of   the specimen representing  information between 
p o l a r i z e r  and analyzer  w i t h  an a rb i t ra ry   angle   wi th   each   o ther .  
This work needs t o  be done during  the  production of t h e  hologram 
and  poses no d i f f i c u l t i e s   i n   t h e   r e c o n s t r u c t i o n .  

I N S P E C T I O N  O F  INTEGRATED C I R C U I T S  

From previous  Sections it has become c lear   tha t   in format ion  
about  an  object  can be s to red  and res tored  i n  amplitude and  phase 
through use  of Holographic  Microscopy. From an appl ica t ions   po in t  
of  view, Time D i f f e r e n t i a l  Holography w i l l  be i n   a l l   p r o b a b i l i t y  
t h e  most  important. 

A s  shown i n  the  last  Section,  Holographic  Microscopy 
is  capable of very  high  resolut ion.  I t  should  a lso be remembered 
t h a t  a s e n s i t i v i t y  of A/100 OPD i n   r e f l e c t i o n  can be achieved  in 
two beam interferometry  with little di f f icu l ty .   Together ,   these  
c h a r a c t e r i s t i c s  can be p u t   t o  u s e  i n   t he   i n spec t ion  of i n t eg ra t ed  
c i r cu i t s .   I n   t he   fo l lowing ,  a treatment w i l l  be given  of  the 
d i f f e r e n t   a p p l i c a t i o n s  of  Holographic  Microscopy t o   t h i s   i n s p e c t i o n .  
One of   these   inves t iga t ions  w a s  c a r r i ed   ou t   unde r   t h i s   con t r ac t .  
Table I1 summarizes the  use  of  the  various  types  of  Holographic 
Microscopy f o r   t h e   d i f f e r e n t   s t e p s   i n v o l v e d   i n  making in t eg ra t ed  
c i rcu i t s .  

For   act ive  inspect ion it is  assumed t h a t  some q u a n t i t a t i v e  
probe i s  made about a per t inent   p roper ty   o f   the  I C .  Therefore 
it is  appropr i a t e   t o   cons ide r   t he   poss ib l e   u se   o f   i n t e r f e romet ry ;  
i n   p a r t i c u l a r  normal  interferometry  and  differential   interferometry.  
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Table I1 Some Relations between Inspecting IC's and  Holographic  Microscopy 

Integrated 
Circuit 
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Etching 

Oxidation 

Metalization 

Diffusion 

Bonds  at 
chip  pads 

Temperature 
Distribution 

Printing 

HOLOGRAPHIC MICROSCOPY 

High Resolution High Resolution High Resolution High Resolution 
Interferometry Data Storage Differential  Large  Field 

Large Depth Interferometry  Large Depth 
Data Storage 

X X X 

X X X 

X X 

X IR X IR 
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Reca l l ing   t ha t  normal  interferometry i s  t h e  comparison  between a 
uniphase  wavefront  and  another  wavefront, measurement i s  made of 
the  departure   of   the   other   wavefront  from the  uniphase  wavefront. 
S t a r t i ng   w i th   t he   s i l i con   wafe r   du r ing   t he   d i f f e ren t   p rocesses   o f  
e t ch ing ,   me ta l i za t ion ,   d i f fus ion  and  oxidation, it may be important 
t o  measure the  e tching  depth from the  wafer  surface.  ~f t h e   t o t a l  
su r f ace   has   t o  be examined, the   wafers  must be w e l l  polished  and 
f l a t   t o   p e r m i t   i n t e r f e r o m e t r i c   i n s p e c t i o n   o f   t h e   d e t a i l  on the  
s u b s t r a t e  by  normal  interferometry. The f l a tnes s   o f   t he   subs t r a t e  
must be equal   to   that   of   the   uniphase  reference  wavefront .   This  
i s  of  course  too cumbersome and c o s t l y .   I f ,  however, t h e   a t t e n t i o n  
i s  concentrated on the  area  of   the   wafer   of   only one c h i p   a t  
a t i m e ,  t h e   f l a t n e s s  of t h a t   a r e a  i s  u s u a l l y   s u f f i c i e n t  and 
comparing  one chip  with i t ' s  neighbor w i l l  not  yield  any 
apprec iab le   d i f fe rence   in   contour .  

A f t e r   t h e   f i r s t   s t e p   i n   t h e   p r o c e s s  of making t h e  IC,  
the   contour   of   the   area  within  the  confines  of  one chip is ,  i n  
genera l ,   no t  a f l a t  anymore. A s  more s teps   are   executed,   the  
contour  changes more and  more. Adhering t o  normal  interferometry, 
it becomes i n c r e a s i n g l y   d i f f i c u l t   t o  measure, for   ins tance ,   the  
OPD due to   t he   e t ch ing   dep th   o f   ce r t a in   de t a i l s   w i th in   t he   ch ip  
because  the  departures from the  uniphase  wavefront  begin  to be 
too   la rge .  I t  i s  necessary,   before a des igned   a l te ra t ion  is  made 
in   t he   con tour  of t he   ch ip ,   t ha t   t he   ex i s t ing   p ro f i l e  of the   ch ip  
a t   t h a t   i n s t a n t  be memorized and  used  as   the  reference  for   the new 
contour  to  be  created  by  the  next  processing. The philosophy 
of t h e  memory of the   l as t   contour   used   as  a re ference   l eads   na tura l ly  
t o  Holographic   Different ia l   Interferometry.  The reference i s  
provided by the   recons t ruc t ion  from a hologram on which the  
contour i s  recorded  of  the  previously  executed  process.  The 
current  contour i s  obtained from the   ac tua l   ch ip .   In te r fe rence  
of   the  two wavefronts   yields   interference  f r inges whose o u t l i n e s  
represent  an  accurate  measure  for  the change  imposed  by the  
process   s tep  j u s t  completed.  This  technique  can be regarded  as 
a de f l ec t ion  method. 

The f u l l   s e n s i t i v i t y  of   Holographic   Different ia l  
Interferometry i s  employed when a null-method i s  pract iced  during 
such  an  interferometr ic  measurement. To ach ieve   t h i s   t he   su r f ace  
contour   of   each  s tep  of   the  process  must be known. This  being 
t h e  case, holograms  must be prepared which w i l l  g ive a reconstructed 
image bear ing   the  known phase  variations.   This  can be r ea l i zed  
by  carefully  performing a l l  t he   p rocess ing   s t eps   un t i l  a c o r r e c t  
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contour i s  achieved  which w i l l  func t ion   as   the   ob jec t  i n  making 
the  reference hologram.  For  every s tep  such a hologram  can  be 
made. Now t h e  inspect ion i s  s impl i f ied  by using,   for   every  s tep,  
a hologram  which bears  the  required  phase map as  a reconstructed 
image. The c h i p   r e f l e c t s  a wavefront  which i s  i n t e r f e r e d   w i t h   t h a t  
of  the  reconstructed image. when the   in te r fe rence   l ines   a re  
pe r fec t ly   s t r a igh t   t he   ch ip   has  assumed the   cor rec t   contour .  
Any departure from s t r a i g h t n e s s   s i g n i f i e s  a v a r i a t i o n  from the  
s t a n d a r d   t e s t   u n i t .  An example  of t h i s  was  shown i n  F igure   6 (c)  
and ( a ) .  The f irst  one shows the   in te r fe rence  between two equal 
wavefronts;  one derived from t h e  hologram  of the  chip,   the   other  
from t h e   c h i p   i t s e l f .  Mainly,   unperturbed  rather  straight 
i n t e r f e r e n c e   f r i n g e s   a r e   v i s i b l e .  

The second image shows the  interference  obtained i n  
t h e  same manner;  only now, the  chip was act ivated.   I f   the   expansion 
i n  t he   de t a i l   r ep resen ted  an e r r o r  i n  a processing  s tep,   the  
deviat ions i n  the  interference  l ines   could be quickly measured and 
a determination  of  whether  the u n i t  was within  tolerance  could 
be made. 

Figure 3 shows a drawing  of  the  Holographic  Microscope 
a d a p t e d   t o   f a c i l i t a t e  an I C  on the  s tage.   Figure 15 i s  a  view 
of  the  actual  Holographic  Microscope. A f iber   bundle  i s  used 
t o   g u i d e   t h e   l i g h t   t o   t h e   i n t e g r a t e d   c i r c u i t .  The f i b e r s   a r e  
a spec ia l   k ind;   the   core   re f rac t ive   index ,   the   c ladding   re f rac t ive  
index  and  the  core  diameter  are so chosen t h a t  t h e  f i b e r  behaves 
l i k e  a waveguide16. The l i g h t  i s  t ransmit ted from one  end t o  
the   o ther  i n  a very  organized  fashion  which  generally i s  re fer red  
t o  a s   d i s t i n c t  modes. The fundamental mode makes the   l i gh t  
i s s u r e  from t h e  f i b e r   a s  one spherical   wavefront,  w i t h  a prescr ibed 
r ad ia t ion   p ro f i l e .  

When the  phase  of t h e  l i gh t   i nc iden t  on t h e   f i b e r  i s  
changed, t he   ex i t   phase  w i l l  change by the  same amount.  Because 
t h e   f i b e r   r e t a i n s   t h e  same optical   path  independent of the  bending, 
the   ex i t   phase  w i l l  be  independent  of  the  degree of bending t h e  
f i b e r  . 

The center  of  the  cone  of  l ight  incident on the  f iber   determines 
whether   the  l ight   issues   in   the  fundamental  mode or  i n  one of 
the  higher   order  modes. Once the  entrance  arrangement i s  adjusted 
and fixed  for  the  fundamental  mode, the   o ther  end can  be f r e e l y  
manipulated  rataining  the same phase  re la t ion  to   the  entrance 
end. Thus t h e r e   e x i s t s  a wel l   prescr ibed  phase  re la t ion between 
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Figure 15. View of the A0 Holographic  Microscope.  Note  the  stage 
on  the top, which  was  specially  designed  under  this  contract  to 
permit  adjustments  in  the  practice  of  holographic  interferometry. 
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the   re fe rence  beam and t h e  beam coming  from t h e   f i b e r .  I t  means 
t h a t  when i n i t i a l l y  coherence  existed  between  the  object beam and 
the  reference beam, the re  w i l l  still be  coherence  between  the 
object-beam  and  reference beam when a single-mode f i b e r  i s  employed 
i n  e i the r   l i gh t   bund le .  The f i b e r   h a s   t h e  added  advantage t h a t  
any  imperfect ions  in   the  opt ics   before   the  entrance  of   the  f iber  
t ha t   cause  a d is turbance   in  t h e  wavefront w i l l  be t o t a l l y  
eliminated. The wavefront  incident on the   ob jec t  i s  thus  always 
clean. 

O n  top  of  the  Holographic  Microscope,  as shown i n  
Figure 15 i s  a bway  s tage,  3 l inear  motions and  one r o t a t i o n a l  
a round  the   ver t ica l   ax is .   This   s tage   accepts  a f i lm   p l a t e  
holder  used  to make the  hologram. After  development  of  the  plate 
it can,  with t h e  aid  of  an  adapter,   be  reposit ioned on t h e  4-way 
s tage  and adjusted  to   choose  the  f r inge  pat terns   as  shown i n  
Figure 6. This   par t   of   the   instrument  was specially  designed  under 
t h i s   c o n t r a c t   f o r  u s e  of the  microscope  with  integrated  c i rcui ts .  
I n  t h i s  form t h e  instrument  can be used t o  measure q u a n t i t i e s  
mentioned i n  t he   ea r l i e r   po r t ions   o f   t h i s   Sec t ion .  I t  i s  a l s o  
capable  of  accepting I C ' s  t o  do t h e  exper iments   as   i l lus t ra ted  
in   F igu res  4 and 6; i . e . ,  measurements on the  I C  a f t e r  it has 
been stemmed. The property  to  be  measured i s  the   thermal   d i s t r ibu t ion  
over   the  face  of   the  I C .  Actual ly  it i s  n o t   p o s s i b l e   t o  deduce a 
temperature map o v e r   t h e   i n t e g r a t e d   c i r c u i t   b u t  an accurate  
r e l i e f  map of  expansion  induced  by  the  heat  capacity  distribution 
i n  t h e  I C  as  w e l l  as   the   temperature  i s  produced. I n  areas  
where i m p u r i t i e s   r e s i s t  a current,   the  expansion may loca l ly   be  
l a rge r  and show i n  the   i n t e r f e rence   pa t t e rn .  

I n  Figure 16 such an expansion is  shown t o  occur  between 
the  unact ivated and a c t i v a t e d   s t a t e .  I n  the  r ighthand column 
it i s  obvious  that  a change  has  occurred when compared with  the 
l e f t  hand  column. I n  t h e   t o p  row t h e   d e t a i l  shown i n  the   cen te r  
goes from  a r a the r   f l a t   appea rance   t o  a more swollen  one. 
Some shadowing  around t h e   d e t a i l  shows th i s   swe l l ing .  From the  
bottom row an est imate  of the  extent  of  the  expansion  can  be 
derived. The arrows drawn i n  Figure 16 focus   the   a t ten t ion  on 
t h a t  one pa r t i cu la r   a r ea  where the   es t imate  was made of t h e  
swelling. I n  F igure   16(c)   the   s t ra ight   dark  band ind ica t e s   t ha t  
i n  that   region  the  phase  takes  a given  value. The r e l a t i v e  
s t ra ightness   o f   the  edge  of t h e  band means uniformity  of  the 
phase. I t  should  be remembered t h a t   t h e   i n t e r f e r e n c e   p a t t e r n  
comes about by  comparing the  actual  IC-wavefront,   with  an IC-  
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wavefront  derived from  a  hologram. The r e l a t i v e   s t r a i g h t n e s s  
thus   i nd ica t e s   t ha t   t he   ac tua l  I C  contour  did  not change compared 
t o   t h e   s i t u a t i o n  when t h e  hologram was taken. A f t e r  t he  IC was 
ac t iva t ed  however, t h e   s i t u a t i o n  i n  Figure  16(d) i s  e f f e c t i v e  and 
i n   t h e  same a rea   t he   s t r a igh t   da rk   f r inge   has  changed i n t o  an 
i r r egu la r   f r i nge .  Going  from r i g h t   t o   l e f t  i n  Figure  16(d)   in  
t h e   i n d i c a t e d   a r e a ,   f i r s t  a white band  shows, then  follows a 
dark  area and then a narrow  white band  which  winds  around 
i r r egu la r ly .  The phase  difference between the   darkes t  and t h e  
adjacent   whitest   area i s  a half  wavelength ( A / 2 ) .  The swelling 
a t   t h e  end of  the  arrow  has  occurred  over a height of A/2 .  
When a different  wavelength i s  used  for   the  reconstruct ion and 
interference  process   than  during  the  process   of  making the  
reference  hologram, some account  should  be  taken  of  this  fact .  
When t h e  same wavelength i s  used  for   both  s teps ,  t h e  expansion 
i s  A/2  a t  t h e  indicated  point .   Thusfar   the images  were obtained 
by r e f l ec t ing   l i gh t   o f f   t he   su r f ace  of  an I C .  Consequently no 
information i s  obtained from the  medium under t h i s   s u r f a c e .  

To a l l e v i a t e   t h i s  problem it i s  p o s s i b l e   t o  make use 
of t h e   f a c t   t h a t   s i l i c o n   h a s  a window i n  the   i n f r a red  around the  
wavelength  of lpm.  This   permits   the  radiat ion  to   penetrate   into 
the  diffusion  zones and  whatever p a r t  of t ha t   r ad ia t ion  i s  
captured, it carries  information  about t h e  semiconducting  junction. 
Interferometry i n  t he   i n f r a red  i n  genera l   o f fe rs  a  method t o  
carry  that   information i n  an impl i c i t  form. The complexity  of 
t h e   d e t a i l  on t h e   i n t e g r a t e d   c i r c u i t  and the  lack  of   opt ical  
preparat ion of t h e   c i r c u i t  makes it imperative  that   holographic 
interferometry  be  used. The  same techniques and  methods  can  be 
used  as were described  for  the  visible  spectrum.  During  the 
prototype  stage  sequential   Differential   Holographic  Interferometry 
can  be  applied. I t  is  necessary   to   use  an  image conver te r   to  
observe  the  interference  pat tern.  

Figure 17 shows a p r i n t  of a hologram made i n  the   in f ra red .  
Figure 18 i s  a reconstruct ion made from the  hologram shown i n  
Figure 17. This image can  be compared with  the images made by 
conventional  photography i n  t he  I R  as  shown i n  Figure 19. The 
f i l m  emulsion  used t o  make these  holograms was Eastman Kodak I-Z. 
The g r a i n i n e s s   o f   t h i s   p l a t e  i s  very  high and  becomes apparent 
i n  the  reconstruct ion.  

F ina l ly   F igure  20 is  an  example  of Infrared  Holographic 
Interferometry made from the  wafer.   This i s  a comparison of t h e  
object  wavefront w i t h  the  reference  reconstructed  wavefront.  
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Figure  16. Enlarged   vers ion  of Fig.  6. The a r e a s  marked i n   F i g .  6 
a r e  shown h e r e   i n   t h e  same orde r .  
( a )  small shea r   unac t iva t ed  (b)  s m a l l   s h e a r   a c t i v a t e d  
( c )  l a r g e  tilt unac t iva t ed  (a )  l a r g e  tilt a c t i v a t e d  
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Figure  17. Hologram made i n   t h e   i n f r a r e d .  
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Figure 18. Reconstruction  from  hologram  made in the infrared. 

42 



Figure  19. D i r e c t   i m a g e s   m a d e   f r o m  I C  w i t h  infrared source. 
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Figure  20. Ho lograph ic   i n t e r f e romet ry   i n   t he   i n f r a red .  
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There w a s  no  change  between the  two s i t u a t i o n s  and as a 
consequence t h e   f r i n g e s   a r e   s t r a i g h t .  

All t h e   i n f r a r e d  holograms w e r e  made by l e t t i n g   t h e   o b j e c t  
bundle  transmit  through  the  wafer. As can  be  seen in   F ig .  20, 
fo r   i n s t ance ,   t he  aluminum masks out  areas  under which semiconducting 
junct ions may be present.   Before stemming t h e  I C  it would be 
more u s e f u l   i f   t h e   o b j e c t  beam w e r e  inc ident  on t h e  back  of 
t h e  I C  and r e f l e c t e d  from t h e  aluminum. The information from 
these  holograms  together  with  that   of  the  transmission holograms 
produce a complete   picture   of   the   opt ical   behavior   of   the  medium. 

Experiments t o  perform  IR-holography i n  r e f l e c t i o n  from 
the  back  of   the I C  yielded  very  poor  results.   There  appeared 
a s t rong   no i sy   pa t t e rn   i n   t he   r econs t ruc t ion ,  which i s  a t t r i b u t a b l e  
t o   t h e  rough sur face   f in i sh   o f   the  back s i d e  of the  wafer.  
Unless  immersion o i l s   f o r  l . l 5 1 ~ . m  can be found t o  match t h e   r e f r a c t i v e  
index   o f   t he   s i l i con   o r   un le s s  new il lumination  techniques  can 
be  found, o r   un le s s   t he  back  surface i s  pol i shed   the  back- 
i l lumination  IR-reflection  technique i s  not   to   be   cons idered  
f eas ib l e .  

RECOMMENDATIONS 

Before making recommendations it i s  appropr i a t e   t o  
recapi tu la te   the   l essons   l earned  from th i s   s tudy .  The r e t en t ion  
of phase  in  the  holographic  process  has been extensively  s tudied 
f o r   a p p l i c a t i o n   t o   d e t e c t i n g   f a i l u r e s   i n   i n t e g r a t e d   c i r c u i t s .  
Although  no a c t u a l l y   f a i l i n g  components  were  used for   the   s tudy  
t h e   u s e f u l n e s s   t o   d e t e c t   l o c a l  abnormal  expansions was es tab l i shed .  
This  can be seen  in  Figure  6a,  by  c and d a s  w e l l  a s   i n  
Figure  16a, b, c and  d. 

The second f ac t   o f   s ign i f i cance  i s  tha t   t hese   i n t e r f e rence  
techniques  can  also be made in   the   inv is ib le   spec t rum;   in  
p a r t i c u l a r ,  where t h e   m a t e r i a l s  of t h e  I C  beam p r o p e r t i e s   t h a t  
w i l l  be manifested  by  irradiation  with  such  wavelengths;   e.g. ,  
i n t e r a c t i o n   o f   l i g h t  and electron  migrat ion.  The use  of   infrared 
l i g h t   t o  make t h e  hologram andperform  interferometry i s  shown 
in   F igu re  20. The wavelength  used was l . l 5 ~ m  of t h e  H e - N e  l a se r .  
The s i l icon   wafer  i s  t ransparent   to   th i s   wavelength  and  phase- 
changes  occurring  in  the  semiconducting  layers  can be made 
observable when t h i s  wavelength i s  used. 
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These  two p rope r t i e s ,   t he  use  of  holograms t o  make a 
reference  wavefront  of  prescribed  contour and the  use  of  wavelengths 
of   s ign i f icance   to   the   mater ia l s   o f   the  I C ,  o f f e r   s eve ra l   app l i ca t ions .  

During  the  prototype  stage it i s  poss ib l e   t o   fo l low one 
and t h e  same ch ip   i n  i t s  evolution  to  completion and wi th   the   a id  
o f   t he   e l ec t r i ca l   p robes ,   co r re l a t e   t he   e l ec t r i ca l   behav io r   w i th  
the   op t ica l   behavior .  

A s  shown i n  Table I1 and the  preceding  Section i n  
the  product ion  s tage it is  poss ib l e   t o  make reference  holograms 
for   each   s tep  i n  the  manufacturing  process,   be it i n  checking  the 
depth  of   e tching,   the   oxidat ion  or   metal l izat ion.  I t  should  be 
borne  in  mind t h a t  t h e  s e n s i t i v i t y   t o   d e t e c t   o p t i c a l   p a t h   d i f f e r e n c e  
chances i n  around A/100. An impur i ty   t ha t   r e su l t s  i n  a deformation 
of  that  order  of  magnitude i s  detectable .  

I t  i s  recommended t h a t  t h e  i n s t r u m e n t  be  used to   fo l low 
a chip  through i t ' s  evo lu t ion   t o  a completely  working I C .  O n  
the  way t h e  holograms t h u s  obtained  need  to  be  saved and used  as 
a reference  for  the  next  chip,   or  synthetic  holograms  should be 
used a s  re ferences   for   the   d i f ie ren t   s teps   o f   the  I C  fabr ica t ion .  
This  experiment w i l l  reveal  whether  the  hologram-reference  system 
w i l l  offer  advantages  over t h e  cu r ren t  techniques  of an empirical  
nature.  

I t  i s  recommended t h a t   t h e  holograms  be  used t o   a c t   a s  
a re ference ,   for   l a te r   use .  The s torage   o f   the   op t ica l   pa th  
d i f fe rences ,  have relevance t o  t h e   i r r e g u l a r i t i e s  i n  the  I C  and 
can be used  for   la ter   assessment .  

The p r inc ip l e  can  be  considered  as  the  equivalent  of 
us ing   the  hologram a s  a tes t -plate   used i n  o p t i c a l   f a b r i c a t i o n ,  
When a cer ta in   contour  i s  required on an opt ical   e lement ,  t h e  
usual  procedure i s  t o  make a tes t  surface  of   that   contour   put  
i n  opposite  sign. A s  the   pol ishing  of  t h e  surface on t h e   o p t i c a l  
element  proceeds,  intermittent  comparisons  are made by holding 
the  tes t  p la te   aga ins t   the   sur face   under   t es t .   In te r fe rence  
fr inges  are   focused due t o   t h e   l i g h t   t r a p p e d  between t h e  two 
surfaces .  When the  surface  under   tes t   has   taken  the  contour  of  
t h e  tes t  p l a t e ,   t he   f r inges   a r e   s t r a igh t .   Th i s   t ype  of t e s t i n g  
has   thus   fa r   been   res t r ic ted   to   spher ica l  and f l a t   s u r f a c e s ,  
because  there  have been no t e s t s   a v a i l a b l e   t o  make t h e   i n i t i a l  
t e s t   p l a t e .  
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Holography,  however, o f f e r s   t h e   p o s s i b i l i t y   o f  computer 
generat ing a hologram  which, upon proper   i l luminat ion,  w i l l  
y i e l d  a wavefront  which  has a prescr ibed  contour .   This   contour  
can be so designed t o   y i e l d  a match with a contour of wavefront 
r e f l e c t e d   o f f  a surface  under t es t .  When those two wavefronts 
a r e   i n t e r f e r e d ,   s t r a i g h t   i n t e r f e r e n c e   l i n e s  w i l l  occur when they  
are equal   in   contour .  

I t  i s  th i s   concept   tha t   could  be of g r e a t   v a l u e   t o   t h e  
pro to type   s tage   o f   the   in t roduct ion   of   in tegra ted   c i rcu i t s .  
Synthetic  holograms  can be made which within  the  complicated 
pat tern  could show a phase jump of any desired  value.  Such a 
phase jump on t h e  I C  could be a desired  e tching  depth  or  an 
op t i ca l   pa th   d i f f e rence   c r ea t ed   by  a th in   l aye r .  When t h e  
in t e r f e rence  between t h e  hologram  wavefront  and  the I C  wavefront 
y i e lds  a p a t t e r n  of s t r a i g h t   l i n e s ,  a pe r f ec t  match i s  achieved. 

I n  summary the  concept  of a Holoqram T e s t  P l a t e   f o r  
contour  measurements on in tegra ted   c i rcu i t s   should  be s tudied.  
I t  i s  mainly a s tudy   of   b r ing ing   in to   p rac t ice   the  known computer 
and optical   techniques  to  produce  synthetic  holograms of high 
q u a l i t y   t o   f u n c t i o n   a s   t h e  Holoqram Test P la t e .  

I t  i s  recommended t h a t  an objec t ive  be designed t o  capture  
a l a r g e   f i e l d  of  viewing  angles. I t  w i l l  permit  inspection from 
di f fe ren t   aspec ts .   Concurren t   wi th   th i s  it i s  important t o  
develop a technique t o  observe  the  reconstructed image from 
different   viewing  angles .  

CONCLUSIONS 

In   conclusion  the  fol lowing program i s  proposed: 

1. Build a microscope to   su i t ab ly   accep t   wafe r s  and  perform 
holographic   interferometry on the  wafers.  

2. Conduct  an  experimental  study t o  make a Hologram Test 
P l a t e  (HTP)  i n  conjunction  with  the  holographic  microscope. 
These H T P ' s  ca r ry   exac t   wavef ronts   tha t  match t h e  
desired  contour   of   the  I C  a t  a given  stage  of  production 
( in   t he   p ro to type   s t age   e spec ia l ly ) .  I t  cons is t s   o f  
computing t h e  hologram on a d i g i t a l  computer  and t r a n s f e r r i n g  
it t o  an actual  photographic hologram  by o p t i c a l  
demagnification  methods. 
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3. 

4. 

5 .  

Build a complete  reconstruction  arrangement  to view 
and  process images of i n t eg ra t ed  c i r cu i t s  t h a t  w e r e  
recorded on holograms, on a later i n s t a n t .  

Perform a f e a s i b i l i t y   s t u d y   t o   i n v e s t i g a t e   t h e  
poss ib i l i ty   o f   b inocular ly   v iewing   the  image reconstructed 
from a hologram.  This w i l l  enable  three-dimensional 
i n s p e c t i o n   f o r   f a i l u r e s   i n   l e a d s  and gold aluminum 
bonds  of  the  leads  to  the  pads on the   ch ips .  

Study  the u s e  of scanning  optical  microscopy  employing 
l a s e r s   t o   a c c u r a t e l y   f o c u s   t h e   l i g h t  on t h e   a r e a   t o  be 
inspected  and  opt ional ly   perform  interference and  phase 
techniques  or   record  the image on magnetic  tape  and 
perform  these  techniques la ter .  

The points   proposed  are   a l l   non-destruct ive methods necess i t a t ing  
no mechanica l   contac t   wi th   the   in tegra ted   c i rcu i t .  
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